Introduction
Nitinol is a shape memory alloy consisting of nickel and titanium. The remarkable property of this material is the ability to 'remember' its original shape after pseudoplastic deformation. The transformation back to its initial shape is enabled by heating, above an alloy-specific temperature. This phenomenon can be attributed to an atomic shift of the martensitic crystal structure to the parental phase of austenite [1] . As it displays good biocompability, the material is ideal for applications in medicine. Indeed the unique aspects of this material are presently utilized in various medical applications, such as stents, brackets and wires. To date, however, there are very few publications describing the use of Nitinol for orthopaedic treatments. In this study, a Nitinol bone plate design is presented that allows a non-contact adaptation of the plate's rigidity, enabled by the material's shape memory property. This implant concept is based on the knowledge that the healing process of a bone fracture is heavily dependent on the interfragmentary motion and strain within the fracture gap [2] . Animal models have shown that the late dynamization of a fracture enhances the healing process when compared with a constant rigid or flexible fixation [3] . A stiffness alteration from a reduced to an increased stiffness has been shown in previous Nitinol plate tests, based on a shape change [4] , but the opposite is yet to be shown.
Thus, the goal of this study was to measure the bending and torsional stiffness changes of four different osteosynthesis plate designs which all allow a reduction of stiffness following a shape transformation.
Methods
Twelve prototype osteosynthesis plates with four different designs were constructed and manufactured by laserbased cutting and welding. The plates were produced from commercially-available Nitinol sheets (49.8-50.0 % Ni, remainder Ti) in two thicknesses, 0.5 mm and 1 mm. This material allows a contactless alteration of the implant stiffness due to a change of the cross-sectional structure after heating. The four designs varied in stack thickness and layer structure of the central region (Fig. 1 ). Following manufacture, a 'wing' configuration was mechanically created in the central region of the plates (Fig. 2) . Therefore a wedge-shaped appliance was used. Bending and torsional stiffness of these wing-shaped plates were determined using a standard four-point bending test and a torsion test. Both stiffness tests were performed with a universal material testing machine (Mini Bionix 858, MTS, Minneapolis, USA). Heating the samples to simulate human body temperature, and to release the structural transformation of the plates, was performed using a temperature-controlled hot water bath. The specimens were heated until the shape change occurred. According to the manufacturer, the transformation temperature of the used Nitinol alloy is 65°C. Figure 2 : Implant shape directly after manufacturing (left), and after mechanical deformation to create a "wing" configuration (right).
The four point bending test was performed according to a standard protocol (ISO 9585:1990) . Loading rollers were lowered to meet the specimen, resting on the support rollers, until a contact force of 5N was reached. A displacement-controlled bending test was performed with a maximum displacement of 0.7 mm, at a speed of 1 mm/min. Each specimen was tested before and after transformation, in a bath temperature of 37 °C. From the measured forces and displacements, the equivalent bending stiffness was calculated using the equations described in ISO 9585:1990. The torsion test was performed with a test rig which allowed application of a purely axial moment to the specimen. The specimen was fixed between two cardan joints, and the distortion-induced constriction of the specimen was compensated by a controlled axial force. A distortion-controlled torsion test was performed with a maximum distortion of 10°, at a speed of 5°/min. Each specimen was tested before and after shape transformation, in a bath temperature of 37°C.
Results
Shape transformation at a temperature of 65 °C was not displayed. A water bath temperature of 75 °C was necessary to initiate the transformation. Furthermore, the transformation of the central region of the bone plate from the wing shape back to its original shape (straight) was incomplete. The bending tests of the bone plates between pretransformation (wing) and post-transformation (straight) showed a decrease in stiffness of at least 40%. (Fig. 3) . The largest decrease in bending stiffness due to shape transformation was 61% for plate design D.
The maximum bending stiffness of 0.59 Nm 2 (average) was displayed for plate design D in the wing configuration. The minimum bending stiffness of 0.25 Nm 2 (average) was displayed for plate design C in the straight configuration. 
Discussion
In this study a considerable change in bending stiffness was displayed, resulting from a temperature-induced shape configuration change for four fracture-fixation plate designs. The specimens showed stiffness reductions of 40-60 % after shape transformation. The fact that a complete deformation to the original plate shape was not observed suggests that the mechanical creation of the wing configuration exceeded the pseudoplastic field of the material. Furthermore, the slight temperature increase required to release the shape memory effect suggests a change in the crystal structure of the material. Ongoing research must optimize the mechanical creation of the wing configuration to enable complete shape transformation. The transition temperature to release the shape transformation is unsuitable for applications in the human body. Further adjustments of the material with regard to its transition temperature are needed.
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